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Abstract
New results for the neutron–deuteron analyzing power Ay(θ) at En = 1.2 and 1.9 MeV and their comparison to proton–
deuteron data reveal a sizeable and unexpected difference which increases with decreasing center-of-mass energy. This finding
calls for the theoretical treatment of a subtle electromagnetic effect presently not incorporated in rigorous three-nucleon
scattering calculations, before it is justified to invoke charge-dependent three-nucleon forces and/or other new physics.
 2002 Elsevier Science B.V.
PACS: 25.40.Dn; 13.75.Cs; 24.70.+s; 25.10.+s
The three-nucleon (3N) scattering system contin-
ues to be an excellent laboratory for testing our un-
derstanding and parameterization of the basic nuclear
interaction in terms of nucleon–nucleon (NN) and
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three-nucleon forces (3NFs). However, the conclu-
sions regarding the nuclear Hamiltonian can be ob-
scured by subtle electromagnetic effects which may
play a major role at very low energies, i.e., center-of-
mass energies below 3 MeV in the 3N system. These
effects must be understood before accurate informa-
tion on charge-dependent 3NFs or new insight into
charge-symmetry breaking effects in the angular mo-
mentum L= 1 NN force components can be obtained.
This Letter provides for the first time conclusive exper-
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Fig. 1. Comparison of the relative difference between calculations
and data for n–d (open dots) and p–d (solid dots) scattering at
the maximum of Ay(θ) using the AV18 NN potential model [7].
References to the data can be found in [8].
imental evidence that an important ingredient beyond
the one responsible for the 3N analyzing power puzzle
(3NAPP) [1] is missing in the theoretical description
of 3N scattering systems.
The 3NAPP refers to the large discrepancy between
the calculated and experimentally observed magnitude
for the nucleon analyzing power Ay(θ) and deuteron
vector analyzing power iT11(θ) in polarized neutron
[2] and polarized proton [3] elastic scattering from
deuterons (n–d and p–d), and polarized deuteron elas-
tic scattering from protons (d–p) [4] in the angular
range of the Ay(θ) and iT11(θ) maximum, respec-
tively.
The open dots in Fig. 1 show the relative difference
(RD) between rigorous calculations and experimental
data for the maximum of Ay(θ) in n–d scattering
between 3 and 16 MeV. There is a remarkable and
energy independent discrepancy between data and
calculations.
Although the 3NAPP has been known to exist for
quite some time, it was not before rigorous p–d cal-
culations became available [3] in 1995 that it caught
the attention of a large group of few-nucleon theoreti-
cians. With the considerably more accurate p–d Ay(θ)
data to compare to, the discrepancy between data and
calculations at the maximum of Ay(θ) reached 20
standard deviations. In addition, as widely expected,
similar large effects were found for iT11(θ) in d–p
scattering, while almost no discrepancies were ob-
served for the d–p tensor analyzing power observables
T20(θ), T21(θ), and T22(θ) [3,5].
As of today, the 3NAPP has not been accounted
for in an undisputed way. It was suggested [6] that
new 3NFs could be responsible for the discrepancy
and not deficiencies in the 3Pj NN interactions used
in the 3N calculations. The traditional 3NFs, for
example Tucson–Melbourne [9] have only a small
effect on the magnitude ofAy(θ) and therefore, cannot
explain the 25% discrepancy noticed in Fig. 1 for
n–d scattering. However, the first complete analysis
of n–d scattering at next-to-next-to-leading order in
chiral effective theory, including the associated 3NF,
has shown that the 3NAPP is still not solved, although
a slight improvement has been achieved [10].
The solid dots in Fig. 1 show the energy depen-
dence of RD between the rigorous 3N p–d calculations
of the Pisa group [3,5] that include the Coulomb inter-
action exactly, and experimental data for p–d scatter-
ing at the maximum of the Ay(θ) angular distribution.
The solid dots have to be compared to the open dots
for n–d scattering. Clearly, while the slope for RD is
consistent with zero for n–d scattering in the neutron
energy range where accurate data exist, the energy de-
pendence of RD for p–d scattering has a pronounced
slope. The largest difference between n–d and p–d is
found at the lowest energy. Obviously, if the theoreti-
cal calculations in fact include all the important ingre-
dients, the data points in Fig. 1 must all scatter around
zero. The fact that they deviate from zero manifests
what has been dubbed the 3NAPP. The fact that the
slopes in Fig. 1 are different is a new twist to the long-
standing 3NAPP. The present Letter is intended to fo-
cus on this new observation.
In order to determine the energy dependence of
RD between calculations and data for Ay(θ) in n–d
scattering at energies below 3 MeV, we measured
Ay(θ) at En = 1.9 MeV and En = 1.2 MeV. We used
the polarization-transfer reaction 3H(p, n)3He (Q =
−0.764 MeV) to produce polarized neutrons at 0◦ with
mean energies of En = 1.9 MeV and En = 1.2 MeV
and with a total energy spread of 160 keV and 210 keV,
respectively. The TUNL Atomic Beam Polarized Ion
Source (ABPIS) provided the polarized proton beam
which was accelerated by the TUNL FN-tandem ac-
celerator and subsequently directed onto a tritiated
(1.5 Ci/cm2) Ti layer (2.2 mg/cm2 thick) which was
evaporated on a 0.5 mm thick and 19 mm diameter
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Fig. 2. Experimental setup.
molybdenum beamstop. Typical values for the proton
beam polarization (oriented perpendicular to the reac-
tion/scattering plane) were 0.7 with beam intensities
on target between 1.0 µA and 1.5 µA depending on the
ABPIS performance. A collimator (see Fig. 2) built
out of polyethylene formed a well collimated neutron
beam at 0◦ and shielded the neutron detectors from
the direct neutron flux (originating from the tritiated
target). Downstream from the collimator at a distance
of 77 cm from the tritiated target a deuterated liquid
scintillator (C6D12, also called scatterer) was posi-
tioned at 0◦ relative to the incident neutron beam with
intensity of up to 5× 103 n/(s cm2) (at the location of
the deuterated scintillator) and polarization pny of typ-
ically 0.3. The C6D12 liquid was contained in an up-
right and thin-walled glass container (1.9 cm in diame-
ter and 2.5 cm in height) viewed via a small light guide
(1.9 cm in diameter and 0.5 cm in height) by a 5 cm
diameter photomultiplier tube (PMT). Neutrons scat-
tered from deuterons in the scatterer were detected by
up to four pairs of liquid scintillator (NE232) detectors
positioned symmetrically on either side of the neutron
beam at a distance of typically 40 cm from the scat-
terer. The neutron detectors were rectangular in shape
(4.5 cm wide, 7.6 cm thick, and 12 cm high) and were
connected via light guides to 5 cm diameter PMTs.
The recoil deuterons in the scatterer provided start sig-
nals for time-of-flight (TOF) measurements, while the
stop signals were obtained from the neutron detectors.
In addition to this TOF information, the deuteron pulse
height (Ed) in the scatterer was recorded to form a
two-dimensional matrix TOF versus Ed.
In order to reduce the influence of instrumental
asymmetries on the measured analyzing power, the
proton polarization at the ABPIS and therefore, the
resulting neutron polarization was flipped from up
(relative to the horizontal reaction/scattering plane)
to down at a frequency of 10 Hz, and the associated
data were routed to corresponding data files. From the
measured asymmetry











and N↓R refer to the neutrons recorded in the left
and right neutron detectors for spin up and spin
down, respectively, the analyzing power Ay(θ) can be
extracted if the neutron polarization pny is known.





and N↓R of detected neutrons were determined from
the two-dimensional spectra TOF versusEd. Using ex-
tensive Monte Carlo modeling, these two-dimensional
spectra were simulated by considering the finite geom-
etry of the experimental setup, experimental time and
energy resolutions, light response and all relevant dou-
ble scattering processes. For both the measured and
simulated spectra a cut was made on the TOF, typi-
cally including 80% of the events. This time slice was
then projected onto the Ed axis, along with a time slice
of equal TOF width set on the accidental background
in the region preceding the γ -ray TOF. The latter
deuteron pulse-height distribution was subsequently
subtracted from the former, resulting in four “raw”
deuteron pulse-height spectra. From these measured
spectra, the calculated double scattering contributions
were subtracted based on the same TOF cuts as used
for the measured spectra. Idealy, the resulting deuteron
pulse-height spectra should be completely background
free. However, a small and unpolarized background
was clearly visible on the low pulse-height side which
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extended under the region of interest. This background
(on the order of 2%) was subtracted producing the “fi-
nal” (but finite-geometry) deuteron pulse-height distri-
butions. Cuts of were made on these deuteron pulse-







R and the associated asymme-
tries. The data reported here are based on a deuteron
pulse-height cut that included approximately 75% of
the data. This conservative cut reduces the influence
of any unknown background contribution on the finite-
geometry values for (θ). Finally, by comparing point-
geometry to finite-geometry Monte Carlo results for
our experimental setup, which resulted in correction
factors very close to 1.0, the point-geometry values
for (θ) were obtained. A total of about 600 data-
taking hours were spent each at En = 1.9 MeV and
En = 1.2 MeV.
A neutron polarimeter was installed downstream
of the n–d scattering setup (see Fig. 2) in order
to measure the neutron polarization simultaneously
with the n–d asymmetry (θ) data. The neutron
polarimeter consisted of a thin-walled high-pressure
gas scintillator pressurized to 100 atm with helium
(95% 4He) and xenon (5%) for the data taken at
En = 1.9 MeV and to 83 atm at En = 1.2 MeV. This
He-gas cell, 4.8 cm in inner diameter and 15.8 cm
high, was viewed through glass windows by two
PMTs, one mounted on the top and the other at
the bottom of the cylindrical cell. It was positioned
175 cm from the tritiated target. Neutrons scattered
from 4He to the left and right side through 100◦
at En = 1.9 MeV and 87◦ at En = 1.2 MeV were
detected by neutron detectors (35 cm center-to-center
distance from the 4He gas scintillator) of identical
dimensions and properties as those used for the n–d
(θ) measurements. The 4He recoils of energies of
0.95 MeV at En = 1.9 MeV and 0.46 MeV at
En = 1.2 MeV provided the start signals for the
neutron TOF measurements. Similarly to the n–d
(θ) measurements, two-dimensional spectra (4He-
recoil energy versus neutron TOF) were recorded and
analyzed for scattering to the left side, right side, and
neutron spin up and down.
Using the effective n–4He analyzing power Ay(θ)
for the present neutron polarimeter, (0.75 at En =
1.9 MeV and 0.73 at En = 1.2 MeV) the neutron
polarization pny was determined from the measured
asymmetry, He(θ) = pnyAy(θ). The Ay(θ) was cal-
culated via Monte Carlo simulation using the n–4He
phase shifts of Stammbach and Walter [11]. Besides
single scattering from 4He, the simulations included
all relevant double-scattering scattering processes in-
volving He, Xe, Fe, and glass.
Fig. 3 summarizes our results for Ay(θ) in n–d
scattering at En = 1.9 MeV (top panel) and En =
1.2 MeV (bottom panel). The error bars include
all known uncertainties (statistical and systematic
uncertainties added in quadrature) except for the ±1%
scale uncertainty associated with the n–4He Ay(θ).
The curves in Fig. 3 represent results of rigorous 3N
calculations using the NN potential models CD-Bonn
Fig. 3. Neutron–deuteron Ay(0) data for En = 1.9 MeV (top panel)
and 1.2 MeV (bottom panel) shown with theoretical predictions
based on the CD-Bonn (solid cuves) [12], Nijmegen I (dotted
curves) [13], and AV18 (dashed curves) [7] NN potential models.
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(solid curves), Nijmegen I (dotted curves) and AV18
(dashed curves). As has been expected from the p–d
Ay(θ) data in this energy range, data and calculations
disagree in the angular region of the maximum in the
Ay(θ) angular distribution.
Although the 3N calculations for n–d elastic scat-
tering considered here are mathematically rigorous
and employ the state-of-the-art high-precision NN
potential models, and in the case of p–d scattering
also include the long-range Coulomb interaction ex-
actly, subtle electromagnetic effects are not included
in these complicated calculations. Common to both
n–d and p–d scattering is the Mott–Schwinger inter-
action (MSI) [14] of the nucleon magnetic moment in
the Coulomb field of the proton (within the deuteron).
This interaction is known to be important at very small
scattering angles in the laboratory system. For exam-
ple, the MSI for n–p scattering causes the two-nucleon
Ay(θ) to cross through zero and to become negative
at small scattering angles θ before returning to zero
at θ = 0◦. As a matter of fact, at very low energies
(En < 3 MeV), the MSI influences the NN Ay(θ) al-
most throughout the entire angular distribution. In the
case of n–d scattering it was shown in a dedicated ex-
periment [15] at En = 6.5 MeV that Ay(θ) crosses
through zero near θc.m. = 10◦. This observation is in
qualitative agreement with calculations by Stoks [16]
at En = 3 MeV. His results are based on a quasi two-
body approach and represent only the leading term of
a genuine 3N calculation. However, they predict only
a tiny effect on Ay(θ) in the region of the Ay(θ) max-
imum.
The two forward-angle data at En = 1.2 MeV may
indicate that Ay(θ) is influenced by the MSI also at
fairly large angles. Unfortunately, the uncertainty of
the datum at θc.m. = 30◦ is rather large compared to
the other data at this energy. The small deuteron recoil
energy of Ed = 70 keV associated with the θc.m. = 30◦
datum resulted in a very small pulse height in the
C6D12 scintillator. Basically, only the tail of the pulse-
height distribution is providing a start signal for the
neutron TOF measurement, i.e., most of the signals did
not pass the trigger threshold in the fast-timing dis-
criminator. Nevertheless, the data at θc.m. = 30◦ and
59◦ provide strong evidence that the MSI may affect
also the angular range of the Ay(θ) maximum. Of
course, to verify this conjecture, theoretical n–d cal-
culations are needed that include the MSI in an ex-
Fig. 4. Comparison of the relative difference between calculations
and data for n–d (open dots and diamonds) and p–d (solid dots)
scattering at the maximum of Ay(θ) using the AV18 NN potential
model. The two data points (diamonds) for n–d scattering below
2 MeV were obtained in the present work.
act way. Contrary to n–d scattering, the complete the-
oretical description of p–d scattering must include also
the Darwin–Foldy term and the vacuum polarization.
However, these effects are expected to be less impor-
tant than the MSI, although they have never been stud-
ied in rigorous calculation for the 3N continuum.
Fig. 4 shows RD between data and calculations for
n–d scattering (open dots), including our new data
points at En = 1.2 MeV and En = 1.9 MeV (dia-
monds), in comparison to RD for p–d scattering (solid
dots). As can be seen, RD for n–d scattering remains
basically constant with some indication of a negative
slope at very low energies, in strong contrast to RD
for p–d scattering, which is characterized by a fairly
steep positive slope. Intuitively, based on the observa-
tion obtained from n–p scattering (see Fig. 3 of [17]),
one would expect the calculated Ay(θ) for n–d scatter-
ing to be reduced even further, if the MSI is included
correctly in the calculations, resulting in an increased
relative difference. Since the MSI is not included in
the analysis shown in Fig. 4, RD is reduced for n–d
scattering. Conversely, for p–d scattering one should
observe the opposite tendency, due to the opposite sign
of the neutron and proton magnetic moments, although
interference with the dominant Coulomb interaction
may reduce the effect. This statement is supported by
p–p scattering (see Fig. 3 of [17]). Therefore, RD for
p–d scattering should be enhanced if the MSI is not
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included in the calculations. This conclusion is in per-
fect agreement with the data shown in Fig. 4 at low
energies. Therefore, the rigorous treatment of the MSI
in 3N calculations is expected to increase (decrease)
RD for n–d (p–d) scattering, bringing the two RDs in
agreement with each other. Of course, the challenge
for theoreticians remains to explain the longstanding
3NAPP itself, which continues to be one of the most
elusive phenomena in low-energy nuclear physics.
After this Letter was ready for submission, we
learned from the Pisa group that they recently im-
proved the numerical accuracy of their p–d calcu-
lation below Ep = 3 MeV, resulting in somewhat
reduced values for RD in this energy range. However,
this result does not affect the qualitative conclusion of
the present work regarding the role of the MSI in N–d
scattering. In fact, very recent calculations by Witala
[18] and Kievsky [19] strongly support our conclusion.
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